In this study we exchanged portions of the poliovirus type 1 (PV1) hydrophobic domain within the membrane-associated polypeptide 3AB for the analogous sequences from human rhinovirus 14 (HRV14). The sequence exchanges were based upon a previous report in which the 22 amino acid hydrophobic region was subdivided into two domains, I and II, the latter of which was shown to be required for membrane association (Towner et al., 1996) . Using these divisions, the HRV14 sequences were cloned into the complete poliovirus type 1 cDNA sequence. RNAs transcribed from these cDNAs were transfected into HeLa cell monolayers and used in HeLa cell-free translation/replication assays. The data indicated that 3AB sequences from PV1 and HRV14 are interchangeable; however, the substitutions cause a range of significant RNA replication defects, and in some cases, protein processing defects. Following transfection of RNAs encoding the domain substitutions into HeLa cell monolayers, virus isolates were harvested, and the corresponding viral RNAs sequenced. The sequence data revealed that for the carboxy-terminal domain substitutions (domain II), multiple nucleotide changes were identified in the first, second, and third positions of different codons. In addition, the data indicated that for one of the PV1/HRV14 chimeras to replicate, compensatory mutations within poliovirus protein 2B may be required.
Introduction
Like most positive strand RNA viruses, picornaviruses amplify their genomic RNA in the context of membrane-associated replication complexes (Caliguiri and Tamm, 1969; Caliguiri and Tamm, 1970a; Caliguiri and Tamm, 1970b; Bienz et al., 1992; Bienz et al., 1994) . All newly synthesized RNA chains have a small, viral-encoded peptide termed VPg (or 3B) covalently attached to their 5' termini via a phosphodiester-like linkage (Lee et al., 1977; Flanegan et al., 1977; Rothberg et al., 1978; Ambros and Baltimore, 1978) . This protein-RNA linkage is thought to be the result of a protein-priming mechanism in which a uridylylated form of VPg serves as a protein primer for the RNA-dependent RNA polymerase (3D pol ) to initiate RNA synthesis Pettersson et al., 1978; Takegami et al., 1983; Paul et al., 1998) . It has been shown that the uridylylation event is dependent, in part, upon an internal cis-acting RNA element (cre), an element first reported for human rhinovirus (McKnight and Lemon, 1996; McKnight and Lemon, 1998) and subsequently found in a number of other picornavirus genomes (Lobert et al., 1999; Goodfellow et al., 2000; Paul et al., 2000; Gerber et al., 2001; Mason et al., 2002) . The presence of this internal RNA hairpin appears to be essential for viral RNA synthesis Paul et al., 2000; Yang et al., 2002; Goodfellow et al., 2003) .
VPg is a strongly basic protein (pI >10) that is utilized in a hydrophobic environment.
This has led to the hypothesis that VPg is delivered to the replication machinery as part of a larger lipophilic protein that contains the VPg sequences (Semler et al., 1982) . One candidate for such a viral protein is poliovirus polypeptide 3AB, which contains the VPg sequence in addition to a 22 amino acid stretch of non-polar residues. It was previously shown that poliovirus 3AB associates with microsomal membranes in a manner consistent with that of an integral membrane protein (Datta and Dasgupta, 1994; Towner et al., 1996) . Since the 22 amino acid hydrophobic domain is highly conserved among various members of the enterovirus and rhinovirus genera (Kitamura et al., 1981; Racaniello and Baltimore, 1981; Stanway et al., 1984; Giachetti and Semler, 1990; Towner et al., 1996) , it is reasonable to predict a common mechanism for VPg delivery to the replication complex. Indeed, the idea of functional conservation within the replication machinery among members of the rhinovirus and enterovirus genera has been recently supported by the ability to isolate virus from chimeric poliovirus RNA possessing a VPg from HRV14, and furthermore that the HRV14 VPg can be uridylylated in vitro by poliovirus
3D
pol (Paul et al., 2003) .
The 22 amino acid non-polar sequence in 3A, referred to as the hydrophobic domain, has been further subdivided into two smaller domains, domains I and II, in which the hydrophobicity present in domain II was found to be essential for 3AB membrane association (Towner et al., 1996) . Interestingly, the sequences in domain I could be completely removed with no apparent effect on membrane association. Yet single amino acid substitutions of conserved residues within the same domain result in viruses with severe RNA replication defects, particularly at the level of initiation of positive strand RNA synthesis (Giachetti and Semler, 1991) . In addition, single and multiple amino acid substitutions of non-conserved residues in domain I or II can result in significant in vitro protein processing defects characterized by the overproduction of proteins P2 and 3BCD and the underproduction of protein 2C tend to involve charged residues in the middle of 3AB while the analogous phenotypic changes in poliovirus are consistently clustered within the hydrophobic domain (Heinz and Vance, 1995; Heinz and Vance, 1996) . Therefore, to determine if the entire hydrophobic domain, or only a portion thereof, is functionally conserved among members of the entero-and rhinovirus genera, the analogous sequences within the HRV14 hydrophobic domain were substituted in multiple combinations for the corresponding sequences within poliovirus protein 3AB. While the overall hydrophobicity of the 22 amino acid hydrophobic domain is well conserved, the identity at the amino acid level is less than 50%. These chimeric PV1/HRV14 3AB sequences were then placed in the poliovirus type 1 background and assayed for infectivity as well as RNA synthesis in both HeLa cells and in a poliovirus cell-free translation/replication assay. In this manuscript, we report that the HRV 14 domain I substitution within 3AB results in an infectious RNA while those chimeras containing domain II substitutions are quasi-infectious. Multiple reversion mutants were isolated including one with a second site lesion in poliovirus protein 2B.
Results
In vitro translation and RNA replication. As an initial assessment of RNA synthesis and protein processing in the absence of the multiple rounds of genetic selection and amplification that take place in infected cells, each of the full length RNAs harboring the domain substitutions ( Fig. 1 ) was translated and replicated in a HeLa cell-free translation/replication assay. The results of this analysis are displayed in Fig. 2 Table 2 . Based upon these data, the domain I substitution appears to be infectious while the domain II and domain I+II substitutions appear to be quasi-infectious.
Nucleotide sequences of recovered virus isolates. Following secondary plaque purifications, each plaque was used to generate passage 1 (P1) and passage 2 (P2) virus stocks. HeLa cell monolayers were infected with 0.5 ml of P1 stock, and total RNA was harvested at the time of onset of CPE. In contrast to the pronounced differences in the kinetics of appearance of CPE following transfection of DIIS or D(I+II)S RNA, CPE on each infected plate appeared within 2-4 hours of that for wild-type virus at 37 o C, indicating that the DIIS and D(I+II)S mutants had most likely accumulated reversions or second site mutations that allowed for more rapid virus growth.
Consistent with this possibility, P1 titers for all nine of the mutant stocks used for Northern blot analysis (see below) ranged from 1.6 x 10 8 PFU/ml to 7 x 10 8 PFU/ml. To initially confirm the maintenance of the HRV 14 substitutions and to identify any reversions or mutations that may have accumulated, the virus population from infection by each isolate was sequenced within the 3AB hydrophobic domain using asymmetric RT-PCR followed by dideoxy sequencing. The results of the sequence analysis are presented in Figure 3 . Sequencing revealed consistency between members of a pair of isolates, indicating that the nucleotide changes were not the result of polymerase errors introduced during the reverse transcription or PCR amplification.
Nucleotide changes that appeared ambiguous (representing possible sequencing artifacts or heterogeneity in the quasispecies population) were observed, but not listed. All of the amino acid changes shown were the result of single adenosine to guanosine transitions (per codon) except for the leucine to serine codon changes in DIIS isolates 6.1 and 6.2, which were transitions from uracil to cytosine.
For the DIS mutation, no complete reversions of any nucleotides encoding the hydrophobic domain were seen (partial, ~50%, adenosine to guanosine transitions were seen for all six secondary isolates, a change that would revert the threonine 65 to the PV alanine), a result consistent with the high specific infectivity of the RNA compared to that of DIIS or D(I+II)S. were obtained from DIIS isolates 5.1 and 5.2. The initial sequence analysis indicated that neither isolate contained any sequence changes throughout the entire 3AB coding sequence. The inability to find any nucleotide changes in these DIIS isolates, combined with the very low specific infectivity of the DIIS RNA, suggested the accumulation of a mutation(s) outside of the 3AB coding region. Indeed, a second site mutation was discovered when the complete genomes of both isolates 5.1 and 5.2 were sequenced. To this end, five overlapping RT-PCR fragments that span the entire poliovirus genome were sequenced. The results of this analysis are shown in Table 3 . Some mutations outside of 3A were found in one isolate but not the other and represent nucleotide changes introduced by either the virus following the first round of plaque purification or by polymerase errors during the subsequent genome amplification by RT-PCR. However, one mutation, C3930U was found in both isolates and likely represents a virus-selected mutation that occurred early in the replication cycle of the virus that confers increased virus fitness in infected tissue culture cells. This second site reversion results in a threonine to isoleucine change in amino acid number 33 of poliovirus protein 2B and provides novel genetic data suggesting that 3A(B) and 2B may directly interact within the replication complex.
Substitution of domains (I+II

Analysis of RNA synthesis in virus-infected HeLa cells.
To determine if the nucleotide sequence changes described above were responsible for increased viral RNA synthesis in infected cells, levels of virus-specific RNA accumulation were measured. Passage 1 virus stocks were used to infect HeLa cells at 37 o C followed by the harvest of total cellular RNA at 0, 2, 4, and 6 hrs post infection. The levels of PV-specific positive strand RNA accumulation were measured by Northern blot analysis using a mixture of negative strand oligonucleotide probes.
As shown in Figure 4 , the kinetics of RNA accumulation for viruses containing the domain I substitution (DIS) were significantly delayed compared to those of wild-type virus (top panel, compare lanes 2, 6, and 10 to lane 14). The isolates containing the domain II substitutions (DIIS) contain multiple mutations and reversions within the HRV 14-substituted sequences.
These sequence variations do not produce dramatic differences in the kinetics of RNA accumulation (shown in the middle panel of Figure 4 ) when compared to each other. However, all three DIIS isolates showed delayed rates of RNA accumulation compared to that of wild-type. For all of the DIS and DIIS mutants, the RNA levels at 4 hr post infection were nearly identical to those at 6 hrs. By contrast, cells infected with the D(I+II)S mutants had significantly reduced RNA levels at 4 hr after infection compared to those seen at 6 hrs.
Discussion
In this study, we have provided evidence for the partial conservation of function of the 3AB
hydrophobic domain between members of the picornavirus entero-and rhinovirus genera.
Substitution of the amino half (domain I) of the poliovirus 3AB hydrophobic domain with the analogous sequences of HRV14 resulted in a mutant virus that has a significant RNA replication defect in addition to a slight defect in P3 protein processing. It is difficult to quantify the effects of the processing abnormality; however, it is noteworthy that the level of the viral 3D RNA polymerase is also reduced. Based upon the transfection data, substitution of the domain II or domain I+II sequences results in RNAs with reduced specific infectivities compared to those of wild-type or DIS RNAs. Substitution of the domain II sequences alone caused a severe replication defect, providing strong evidence for non-interchangeability of this domain. This result is somewhat surprising in that, relative to the domain I substitution, there are fewer amino acid changes present in the domain II substitution. In addition, the hydrophobicity of domain II is very well conserved which might predict that the exchange of such sequences should be the least severe (Giachetti and Semler, 1990; Towner et al., 1996) . Taken together, these experiments suggest that domain I of protein 3AB is more functionally conserved between rhinovirus and poliovirus than domain II. We suggest that sequences present in domain II could be involved in a higher order structure which is not tolerant of amino acid substitutions or that these sequences are involved directly or indirectly in the formation of a protein interface. Consistent with the increased fitness by the domain II-containing mutants is that infection of HeLa monolayers at an MOI of 10 required only 1.5 -2 hrs. longer to effect a similar level of CPE as wild-type virus infected at an identical MOI. The substantial primary defects in virus replication are also supported by the RNA transfection data in which virus plaques were seen only on monolayers receiving the highest amount of RNA (5 µg). This is in contrast to transfection of DIS RNA which resulted in similar numbers of plaques using 100 to 1000 times less RNA. The strongest evidence for the requirement of compensatory mutations comes from the analysis of DIIS isolates 5.1 and 5.2, which do not contain any nucleotide changes throughout the 3AB coding region. Complete genome sequence analysis revealed an identical change in both isolates that confers an amino acid substitution in poliovirus protein 2B. The overall significance of this finding is not yet clear, but it is tempting to speculate that this suggests a direct protein-protein interaction between 3AB (or 3A) and 2B within the replication complex and that such an interaction was perturbed by the substitution with the HRV 14 sequences but restored by the compensatory change in 2B. The role of protein 2B in poliovirus RNA synthesis and replication complex formation has been previously demonstrated by a study in which three separate mutations in 2B conferred non-complementable defects in RNA synthesis (Johnson and Sarnow, 1991 
Materials and Methods
Construction of HRV 14/PV1 hydrophobic domain substitutions. The cloning scheme for mutagenesis of the hydrophobic domain of poliovirus protein 3AB has been previously described (Giachetti and Semler, 1991; Giachetti et al., 1992) RNA transcription, RNA transfection, and plaque assays. RNA transcriptions were performed essentially as described (Towner et al., 1996) with the following changes: (a) the plasmids were linearized with EcoRI and (b) RNAs used for transfections were not extracted with phenol/chloroform or ethanol precipitated but were used in crude form following the 37 o C incubation. The RNA transfections were performed using DEAE-dextran following the procedures outlined in (Charini et al., 1991 Analysis of RNA by Northern blot. Total cytoplasmic RNA was harvested by the method of (Favaloro et al., 1980) with previously described modifications (Roehl et al., 1993) . Northern blot analysis was performed by resolving 10 µg of glyoxylated total cellular RNA on a 1.1% agarose gel in 10 mM sodium phosphate buffer (McMaster and Carmichael, 1977) Sequencing of recovered viruses. Sequencing of viral RNA encoding the carboxy terminal half of 3A was performed by first amplifying the entire 3AB sequence by RT-PCR (50 µl total volume) using the primers CGS1-(anneals to sequences in VPg; (Giachetti and Semler, 1991)) and JT2C5060+ (anneals to PV nt 5060 to 5080). A portion (3 µl) of each RT-PCR reaction was then used in an additional 50 µl PCR reaction in which only the primer JT2C5060+ was provided such that a positive sense single stranded DNA was asymmetrically amplified. Following asymmetric PCR, each reaction was passed through a Sephadex G-50 column to remove unincorporated oligonucleotides and dNTPs. Approximately half of each reaction was then used for dideoxy sequencing using the primer CGS1-and phage T7 DNA polymerase. Sequencing of the complete genomes of DIIS isolates 5.1 and 5.2 were carried out by amplifying by RT-PCR five overlapping domains spanning the entire poliovirus genome (see Table 3 for the nucleotide numbers of each RT-PCR fragment). Each RT-PCR product was gel purified prior to automated sequence analysis by the UC Irvine Automated DNA Sequencing Core Facility or Biotech Diagnostic, LLC (Laguna Niguel, California).
Coupled in vitro translation/replication assays. Assays were performed essentially as described in Todd et al., 1997 , in which the HeLa ribosomal salt wash (RSW) preparation was performed as described by Brown and Ehrenfeld, 1979 , and the HeLa S-10 extract preparation was performed as described by Barton et al., 1995 µl reaction was used for analysis of RNA synthesis. All reactions were incubated for 6 hrs at 30°C, at which time the translation reactions were diluted in Laemmli sample buffer (Laemmli, 1970) , boiled, and subjected to SDS-polyacrylamide gel electrophoresis on a 12.5% gel. The replication reactions were subjected to centrifugation at 15,000 x g for 15 minutes at Total RNA from cells infected with P1 stocks of isolates 5.1 and 5.2 were harvested and used to generate five overlapping RT-PCR fragments which were subsequently sequenced as described in the Materials and Methods. The U761A change corresponds to sequences in VP4, the U2035C change to sequences in VP3, the C3930U and A3960G changes to sequences in 2B, and the G4910A change to sequences in 2C. There are also a number of nucleotide changes common to both isolates that are in the full-length laboratory clone which are different from one of the 24 published PV1 genome sequences (Kitamura et al., 1981; Racaniello and Baltimore, 1981) .
Those changes are U2308C, A3043G, C4174A, and C6261U.
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